Introduction
Suspended particulate matter (SPM) is an extremely complex compound and/or mixture that originates from various environmental sources, and is changeable by the condition of a complex chemical reaction that takes place under the influence of the environment. Therefore, in order to understand the actual condition of pollution by SPM, and to decrease environment pollutions, it is needed that improvements occur in the accuracy of the direct analysis of every SPM from viewpoints of both time and space, the analysis of historical information about individual SPM particles. Time-of-flight secondary ion mass spectrometry (TOF-SIMS) has been successfully employed to the analysis of both organic and inorganic materials, biomaterials and environmental materials. Although TOF-SIMS has excellent sensitivity for aliphatic hydrocarbons and fatty acids, it is difficult to clearly detect the molecular ion peak for polycyclic aromatic hydrocarbons (PAHs). 1 A technique named laser-SNMS 2 (laser post-ionization sputtered neutral mass spectrometry) utilizes a laser to promote an electron to some excited states of atoms or molecules. When the laser wavelength coincides with the excitation energy of a certain species, the ionization yield is resonantly enhanced. 3 This resonance effect realizes both high sensitivity and selectivity in the SNMS technique. Laser-SNMS, where sputtered neutral particles from bulk materials, are post-ionized by a laser beam, has been advanced by Winograd and his collaborators. [4] [5] [6] Many experiments were carried out concerning inorganic and organic materials by non-resonant multi-photon ionization by using strong-field ionization (SFI) with a pulsed near-infrared and vacuum ultraviolet laser (VUV laser system). [7] [8] [9] [10] [11] [12] [13] A laser system so far, e.g., a combined dye laser pumped by Nd:YAG laser, 14 and excimer laser, [4] [5] [6] has been needed the large-scale laser instrument systems (~120 × 300 cm), including a large power supply, thus requiring the preparation of equipment. Therefore, much effort was required for analysis. Recently, an ultraviolet DPSS (diode-pumped solid-state) ceramic microchip laser (UV microchip laser) was developed. 15, 16 The results concerning laser-SNMS analysis and the imaging of PAHs by introducing a UV microchip laser to laser-SNMS by means of a resonant and non-resonant multi photon ionization technique have not yet be reported. In this experiment, we investigated the utility of laser-SNMS as a means for detecting PAHs on a model sample and studying individual atmospheric aerosol particles by using an apparatus that unites Ga-FIB (Ga focused ion beam) TOF-SIMS with a UV microchip laser. Laser post-ionization of sputtered molecules by pulsed Ga focused ion-beam (Ga-FIB) bombardment was examined for the detection and imaging of polycyclic aromatic hydrocarbons (PAHs) on particles. As model samples, pyrene and pelyrene adsorbed on TiO2, blended regents of pyrene and n-heneicosan were used. The TiO2 particle size was selected to be several micro-meters. Laser light and Ga-FIB were synchronized with each other. The repetition rate synchronized with Ga-FIB was 1 kHz for pyrene analysis and 2 kHz for perylene, respectively. The laser wavelength was set to 266 nm. The wavelength was a generated fourth harmonic of a Nd:YAG DPSS (diode-pumped solid-state) micro-chip laser (UV microchip laser). By using a UV microchip laser, laser-SNMS (laser post-ionized sputtered neutral mass spectrometry) analysis and imaging were performed. The imaging of pyrene (m/z = 202, C16H10) and perylene (m/z = 252, C20H12) has been successful. Both the scanning ion microscopy image of TiO2 and the PAHs image in laser-SNMS analysis were well-fitted with each other. Experimental Figure 1 schematically shows the layout of the apparatus for both laser-SNMS and TOF-SIMS. 17, 18 The main components are an ultrahigh vacuum chamber with two low-OH-content UV grade fused quartz windows (COSMOTEC Co., Ltd.), a sample manipulator (Toyama Co., Ltd.), a liquid-metal Ga ion source (Ga-FIB) for spectroscopy and imaging (A&D Co., Ltd.), a TOF mass analyzer (Toyama Co., Ltd.) for analyzing photo-ionized species, a precision timing generator (DG535, Stanford Research Systems, USA) for synchronizing a laser with Ga-FIB, a TOF-MS, and a UV microchip laser. 18 The UV microchip laser has characteristics of a short warm-up time, being nearly maintenance free, a small laser head size (~10 × 30 × 5 cm), a small power supply (~30 × 25 × 15 cm), a high repetition rate (over 1 kHz), high power (maximum energy 80 μJ/pulse) for a wavelength of 266 nm. A UV microchip laser pulse was synchronized with one shot of Ga-FIB. The TOF-MS is equipped with a two-stage reflectron.
Imaging of Polycyclic
In experiments, model samples were prepared by blending pyrene and a pelyrene reagent with TiO2 particles with a mean diameter of approximately 6 μm. The samples were put onto clean indium metal plates (Nilaco, Japan) cut into a size of 4 × 4 × 0.5 mm); the samples were set on a sample stage in a vacuum chamber kept at 3.0 × 10 -6 Pa. Because these PAHs have a relatively high vapor pressure (3.3 × 10 -4 Pa for pyrene at 25 C, 4.3 × 10 -4 Pa for perylene (extrapolated value) at 25 C, 20 it was necessary to be analyzed under a low temperature condition. Prior to laser-SNMS analysis, a 5-axis manipulator stage was cooled down to -120 C by a liquid-nitrogen cryogenic system. Also, samples were cooled on a sample stage that was set in a liquid-nitrogen bath and rapidly transferred to a high-vacuum preparation chamber. Samples were kept at between -100 to -120 C during the analysis. 6, 7 In the case of non-conductive materials, like PAHs, charge-up is caused by bombardments of Ga-FIB. Therefore, positive charge was neutralized by using a low-energy electron gun (20 eV) in order to reduce any effect of the positive charge-up.
In TOF-SIMS and laser-SNMS, Ga-FIB energy was 30 keV at an incident angle of 45 . Initially, the sample surface was cleaned by sputtering with the Ga-FIB under the direct-current irradiation mode. During the experiment, the primary Ga ion beam was operated in a pulsed mode in order to synchronize the sputtering by Ga-FIB with post ionization by a pulse laser. Neutral particles that were sputtered from a sample on the indium metal plate surface by Ga ion bombardment were photoionized by a pulsed laser beam. The beam was parallel input to the surface, and focused at the surface upside. The FIB pulse width was 200 ns, the repetition frequency of the Ga-FIB and the UV microchip laser was 1 and 2 kHz in the laser-SNMS mode.
As the post-ionization laser, a DPSS ceramic microchip 266 nm laser was used. The laser light specifications are as follows: wavelength, 266 nm; pulse energy, 48 μJ/pulse at 2 kHz; pulse width, ~3.8 ns. A quartz lens was placed in the beam path in order to focus the laser. The minimum laser beam spot size was about 0.1 × 0.15 mm (measured value by a knifeedge method in air, elliptical beam spot) on the sample stage upside. The quartz lens was set onto an auto x-y-z stage with a stepping motor for moving the focus point in the vertical and horizontal directions. The height of the laser light spot from the sample stage was set at the maximum point of the laser-SNMS signal by using a hand controller of the auto x-y-z stage. The ionization laser power was measured at the near fuse-quartz window by using a pyroelectric detector PE9, PH10 (OPHIR) with OPHIR USBI.
The experimental conditions were set as follows: (i) the laser SNMS spectra were acquired for pyrene adsorbed on TiO2 particles on an indium plate and for perylene. The scanning area of the sample was 200 × 200 μm 2 , the image size was 128 × 128 pixels resolution for pyrene; 50 × 50 μm 2 , 128 × 128 pixels for perylene, respectively. (ii) After a several minutes of sputtering the area on the indium metal plate, every laser-SNMS analysis and mass spectrum imaging were performed.
In addition, in order to selectively detect PAHs mixed with aliphatic compounds and to check the detection of any aliphatic contamination on the indium plate in laser-SNMS analysis, pyrene mixed with n-heneicosan was analyzed by laser-SNMS. The each sample was put on an indium plate, and analyzed by laser-SNMS. on the indium metal plate appear to be of higher intensity than that on the TiO2. There is a possible reason why spattered pyrene adhered to the indium substrate again in the laser-SNMS mode, or the contamination adhered to the substrate. If the contamination were an aliphatic compound, a signal of m/z 202 could be detected. In the case of laser-SNMS, an aliphatic compound can not normally be detected by a UV laser. Thus, TOF-SIMS signals of m/z 202 would be the sputtered pyrene in the first laser-SNMS analysis. In the first laser-SNMS analysis, sputtered pyrene was attached to a cold indium metal plate. In the next TOF-SIMS analysis, m/z 202 was detected on the indium plate.
Results and Discussion
In addition to the imaging of pyrene, the imaging of perylene mixed with TiO2 was checked regarding the effectiveness of laser-SNMS. Figure 3 shows a perylene SIM image (a), a total ion image (TOF-SIMS) (b) and a laser-SNMS perylene (m/z = 252, C20H12) image (c). Similarly, in the case of perylene, the image of perylene mixed with TiO2 closely matches the TiO2 particles site in the SIM image (a). Perylene images are at the center of many TiO2 particles mixed with perylene. It is suggested that TiO2 and perylene were not mixed uniformly with each other. Even in the case of perylene imaging, the perylene signal existed on the indium plate around the TiO2. This deposition around the sample is the same phenomenon of pyrene imaging.
In two cases of PAHs laser-SNMS imaging of pyrene and perylene on TiO2, weak PAHs signals were detected on the indium metal plate around TiO2 areas. Large amounts of pyrene and perylene existed on the TiO2 surface. Pyrene and perylene were scattered because of sputtering by FIB bombardment in laser-SNMS. This suggests that sputtered neutral pyrene or perylene spreads to the indium plate and the indium surface absorbed PAHs. In this experiment, the analysis for PAHs was possible in the two methods of TOF-SIMS analysis and laser-SNMS analysis at the same area on the sample. Comparing of the PAHs signal intensity in the TOF-SIMS analysis mode and the laser-SNMS analysis mode, the ratio of the TOF-SIMS and laser-SNMS signal intensity was 1:10 about the molecular ion peak of pyrene at m/z = 202. Figure 4 shows a spectrum of pyrene mixed with n-heneicosan in the laser-SNMS mode. A main peak observed for pyrene at m/z = 202 was clear, but an n-heneicosan peak was not clear.
Because pyrene (PAHs) is a π-conjugated system, 266 nm laser light ionizes PAHs in one-color, two-photon processes. Thus, the detection of PAHs mixed with n-heneicosan was successful concerning both clarity and selectively. In the case of VUVlaser-SNMS, 20 many aliphatic fragment peaks appear. In order to analyze aromatic hydrocarbons mixed with aliphatic hydrocarbons separately, a UV-laser has an advantage over VUV-and IR-laser-SNMS. 13, 20 Also, by using a UV micro-chip laser system, an analytical apparatus of laser-SNMS could be downsized in size by one tenth or more, and at the same time 
Conclusions
We examined laser-SNMS for model compounds of PAHs absorbed on TiO2 sputtered by Ga-FIB using a new high-energy UV microchip laser. By using a UV microchip laser, both PAH analyzing and imaging for model samples become capable. As a model sample of PAHs, pyrene and perylene mixed with TiO2 were used. In the case of a model sample, a small amount of PAHs spread to the substrate. Laser-SNMS can be performed for PAH analysis and imaging of aerosol particles, Asian dust, "Kosa", and diesel soot.
